Borate Sol-gel Chelating agent. a b s t r a c t Li 4 Zn 3 B 4 O 11 /Li 2 B 2 O 4 (LZBO/LBO) nanocomposites with controlled morphologies were fabricated through pechini sol-gel method. The effect of EDTA against various carboxylic acids (as chelating agents) compered in order to investigation shape, size and representative characteristics. To further inspect, the effect gelling agents examined on the synthesis process. The electrochemical process of hydrogen storage in the Li 4 Zn 3 B 4 O 11 /Li 2 B 2 O 4 nanocomposites electrode employing the electrodecomposition of KOH electrolyte has been considered by means of galvanostatic charge-discharge method. It seems that multidisciplinary mechanisms for storage function of obtained nanocomposites involve layered structures, distinct morphology, and physical adsorption lead to fantastic hydrogen storage ability. The hydrogen storage capability for two type morphologies of sphere/rod and nanoparticles assess 222/5 and 402/5 mA h/g, respectively. Based on the acquired consequences, Li 4 Zn 3 B 4 O 11 /Li 2 B 2 O 4 nanocomposites can be hopeful components to upgrade the hydrogen storage operation through electrochemical procedure.
Introduction
Nowadays, the consumption of fossil fuels has been confined owing to the contaminants of their ignition and the deficient sources. In order to confront the energy requirements of the society, Researchers are attempting for the up to date substitute energy sources. Recently, Electrochemical hydrogen storage technique for saving energy in through nanomaterials have been contemplated as novel, reproducible safe and clean energy sources because of their accessibility, elevated efficiency, uncomplicated fuel storage and slight pollution.
To develop new electrocatalyst with outstanding activity for hydrogen storage, to reduce the dosage of active materials, to reduce the amplify the performance, structure of electrode material and also composition of electrocatalysts are very crucial [1] [2] [3] [4] . Borate compounds are of remarkable concern owing to their valuable structural chemistry, clarity over a numerous wavelength range, excellent laser-damage threshold as well as supreme mechanical and optical attributes. Zinc borates have been investigated because of their possible value as catalysis, optical compounds, flame retardant, and host compounds for luminescent functions. Considerable researches have been conducted in establishing the promising electrocatalysts for hydrogen storage through modifying the shape, size and structure of active electrode materials. In energy storage systems, zincoborate compounds with structural and functional regulation have been confirmed as a new active material with performance, giving rise to a series of promising storage materials for hydrogen or lithium storage applications [5] [6] [7] .
The various architectures of nanomaterials for energy storage systems fabricated by attractive and facile chemical methods such as combustion, sonochemical, precipitation, hydrothermal, etc [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Also, in recent years, the research groups focused on diverse borate structures as energy storage compounds and application in batteries, supercapacitors or storage devices based on lithium, cobalt, zinc, copper, iron, nickel, etc. [26] [27] [28] [29] [30] [31] [32] Based on the mentioned idea, Li 4 Zn 3 B 4 O 11 /Li 2 B 2 O 4 nanocomposites were fabricated by pechini route employing diverse conditions. These conditions include chelating agents type, gelling agents type and molar ratio of starting materials. By modifying the synthesis condition, morphology of samples changed in the form of sphere/rod, particles, porous structures and agglomerated or unshaped structures. The Hydrogen storage features of sphere/rod compared with particle shape with electrochemical studies in this type of composites were tested. The obtained Li 4 Zn 3 B 4 O 11 /Li 2 B 2 O 4 nanocomposites show the discharge capacity of 222/5 and 402/5 for these selected morphologies after 15 cycles. Overall, this is the first research to acquire suitable hydrogen capacitor materials synthesized with an ease pechini method in order to achieve economic, simple and quick technique.
2.
Experimental section Li 4 BO 3 with stoichiometric ratio (1:1:1) were dissolved in 10 ml of deionized water separately and were mixed together to form a transparent solution.
Synthesis of LZBO/LBO nanocomposites
Then, an aqueous solution containing carboxylic acid or EDTA as a chelating agent (tartaric acid, fetalic acid or citric acid) was added into the above solution. In order to manifest the role of gelling agent, ethylene diamine (en) or ethylene glycol (EG) examined on synthesis of LZBO/LBO nanocomposites. The pH of mixture adjusted at 8 by adding en or EG. Finally, the solution was heated at 80 • C and the formed gel calcined at different temperatures for 3 hours. Table 1 displays the conditions for synthesis of LZBO/LBO nanocomposites.
Electrochemical measurements
The electrochemical technique of Chronopotentiometry (ChP) were employed for appraisal the hydrogen storage capability and electrochemical attributes of LZBO/LBO nanocomposites. The electrochemical setup of Chronopotentiometry (ChP) method assembled by three electrodes (working electrode, Pt electrode (counter electrode), and Ag/AgCl electrode (reference electrode)) in 2 M KOH solution (as an electrolyte). The working electrode designed through binder-free method which called drop cast technique and a thin layer was formed on the porous copper substrate. drop cast method. The potential of the working electrode was recorded versus the reference electrode by applying the constant current between the working and counter electrodes. )). In Fig. 1a and b, the X-ray diffraction patterns of the prepared samples in presence of EDTA ( Fig.1a ) and Carboxylic acid ( Fig. 1b ) as capping agent are shown, respectively. As shown in Fig. 1a (Fig. 2) . It is well known that EDS pattern reveals the high purity of the product. The FT-IR profiles for sample Nos. 3 and 5 were provided to specify the chemical structures of obtained nanocomposites with more details (Fig. 3) [34, 35] . The most efficient step to improve the properties of material structures is controlling the synthesis procedure through altering the preparation conditions such as capping agent varieties, gelling agents type, temperature of calcination process and molar ratio of starting precursors. The morphological studies of fabricated nanocomposites figure out in Fig. 2 and 3 . Fig. 4(a, b) indicates FE-SEM micrographs of fabricated LZBO/LBO nanocomposites using EDTA and ethylene diamine which is displayed an agglomerated structures and no specific construction. However, Fig4 (c, d) showed the porous morphology for synthesized LZBO/LBO nanocomposites with EG as gelling agent. The LZBO/LBO nanocomposites were prepared at 600 • C for 3 h with EDTA and en ( Fig. 4(e, f) ), depicted a novel architecture that comprise microspheres with diameter of 450 nm and rods with diameters of 40 nm. By increasing the calcination temperature to 800 • C, the ambiguous structures were observed (Fig. 4g, h) . FE-SEM micrographs of the samples prepared in the existence of diverse carboxylic acids show formation of particle shaped structures. The size of particles for samples which is fabricated by tartaric acid, fetalic acid and citric acid are approximately 22, 20 and 135 nm respectively ( Fig. 5a-c) . In order to investigated the role of amount of chelating agent, the experiment designed by using double amounts of EDTA and the unshaped structures are also formed with 2:1 ratios of EDTA:Metals (Fig. 5d ). It is found that using carboxylic acids lead to formation of particles and can influence on size of particles, while applying EDTA ligand cause the variety of morphology and structures. In order to further verification of morphology and size, TEM images were carried out on the obtained products. TEM images of sample 5 in Fig. 6 show formation of the nanoparticles and confirm by FE-SEM results.
Results and discussion
The surface characteristic of the sample No.3 and 5 was calculated using the BET method and is shown in Fig. 7 . The BET method applied to evaluate the surface area and pore volume of LZBO/LBO nanocomposites, from nitrogen adsorption isotherms measured at 77 K. The specific surface area, pore volume and average pore size for sample 3 and 5 is 1/4815, 1/4276 m 2 /g, 0/0093852, 0/0034106 cm 3 /g, and 25/34, 9/5562 nm respectively. The pore size distributions LZBO/LBO nanocomposites are presented in Fig. 7b, d, showing maximum around pores of 106 and 24.4 nm diameters. Consequently, the issue of BET analysis confirmed that surface area and porous structures are the desirable parameter for the agile and easy ion transportation to enhance the electrochemical performance of LZBO/LBO nanocomposites as potential energy storage materials [36] .
Electrochemical ability of two different morphologies of obtained samples highlighted by chronopotentiometery technique in alkaline medium of 2 M KOH electrolyte which set up with 3 electrodes consist of Ag/AgCl, Pt and fabricated working electrode. (Fig. 8a, c) . The charge-discharge cycles conducted applying current of 1 mA and capacity of active materials measured through the equation of C = I t/m V [37] . The discharge capacity of LZBO/LBO nanocomposites which synthesized in presence of EDTA and tartaric acid calculated 222/5 and 402/5 mA h/g, respectively. The LZBO/LBO as potential electrode material for store the hydrogen show significant capacity. The discharge capacity of LZBO/LBO (No. 3) is lower than LZBO/LBO (No.5) that exhibited better capacity of nanoparticles in compare with sphere/rod structures. Trend of discharge capacity of fabricated hydrogen storage cells summarized in Fig. 8 b, d . By increasing the cycle number, discharge capacity increased from 46/47 to 222/5 mA h/g after 15 cycles for sample No. 3. However, the capacity for sample No. 5 increased from 74/5 to 402/5 mA h/g and elucidated the stable cycle life after 15 cycles.
Diverse mechanisms for hydrogen storage of metal oxide nanostructures have been proposed which comprise existence of layered structures, shape and physisorption process. The morphology and shape of electrode materials lead to incredible impact on the energy storage proficiency. The borate compounds have open channels and layered structures which is appropriate for store the ions and transfer them. The structure of LZBO/LBO nanocomposites assigns facile, rapid and efficacious electron transportation through electrolyte due to easy access of electrolyte with the structure of metal oxides. The intraction among LZBO and LBO particles is better than sphere/rode structures and transportation of electrons in the particle shape nanocomposites conducted in a facile way.
The better discharge capacity indicated a high utilization of nanoparticles, which was derived from a high interfacial contact area between electrode and electrolyte and a shortened hydrogen ion diffusion and electron transportation distance. However, it should be mentioned that nanosized particles shows better electron transportation than microsized spheres [38] . The comparative study between sphere/rod and particle structures of samples showed in scheme 1 . In the other hand, the physical adsorption occurs in the metal oxides during the charge and discharge process. The generated H + migrates to the surface of active materials in the fabricated working electrode which can be adsorbed on the surface of metal oxides. The stored H 2 in working electrode should be migrating in the in the opposite direction when the cell discharged and converted to the water [39] . 
The results advocate that LZBO/LBO nanocomposites have a wonderful hydrogen storage proficiency as essential mate- rials in energy storage devices owing to physisorption and awesome morphology and structure.
Conclusion
In summary, 
